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ABSTRACT
Observational study on near-infrared (IR) scattering properties of interstellar dust grains has
been limited due to its faintness. Using all-sky maps obtained from Diffuse Infrared Background
Experiment (DIRBE), we investigate the scattering property from diffuse Galactic light (DGL)
measurements at 1.25, 2.2, and 3.5µm in addition to our recent analyses of diffuse near-IR
emission (Sano et al. 2015; Sano et al. 2016). As a result, we first find that the intensity ratios
of near-IR DGL to 100µm emission increase toward low Galactic latitudes at 1.25 and 2.2µm.
The derived latitude dependence can be reproduced by a scattered light model of interstellar
dust with a large scattering asymmetry factor g ≡ 〈cos θ〉 of 0.8+0.2
−0.3 at 1.25 and 2.2µm, assuming
an infinite Galaxy disk as an illuminating source. The derived asymmetry factor is comparable
to the values obtained in the optical, but several times larger than that expected from a recent
dust model. Since possible latitude dependence of ultraviolet-excited dust emission at 1.25 and
2.2µm would reduce the large asymmetry factor to the reasonable value, our result may indicate
the first detection of such an additional emission component in the diffuse interstellar medium.
Subject headings: scattering — dust, extinction — infrared: ISM
1. INTRODUCTION
Various astrophysical phenomena in the uni-
verse are greatly affected by properties of inter-
stellar dust grains, such as the albedo, scatter-
ing asymmetry, composition, and size distribution.
For example, these properties determine the inter-
stellar extinction curve. At ultraviolet (UV), opti-
cal, and near-infrared (IR) wavelengths, the scat-
tering properties of the dust grains can be inves-
tigated by scattered light measurements. In fact,
such studies have been conducted at UV and opti-
cal wavelengths (e.g., Lillie & Witt 1976; Schimi-
novich et al. 2001; Witt et al. 1997). In the near-
IR, however, scattered light measurements have
been limited due to the low optical depth. By sur-
face brightness observations of a globule, Lehtinen
& Mattila (1996) derived the near-IR grain albedo,
but no study has determined the near-IR scatter-
ing asymmetry factor which represents the degree
of forward scattering. Particularly in the near-IR,
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isotropic scattering due to the Rayleigh scattering
is expected to dominate because typical grain size
is thought to be much smaller than the wavelength
in recent dust models (e.g., Weingartner & Draine
2001; Zubko et al. 2004; Compie`gne et al. 2011).
Therefore, determination of the near-IR scattering
asymmetry factor is crucial in constraining the size
distribution of the interstellar dust grains.
Diffuse Galactic light (DGL) consists of the
scattered light and thermal emission from inter-
stellar dust grains which are illuminated by inter-
stellar radiation field (ISRF). Therefore, the DGL
measurement is useful to investigate the proper-
ties of the interstellar dust. Additionally, in mea-
surements of optical to near-IR extragalactic back-
ground light (EBL), the DGL must be subtracted
correctly along with the other foreground emis-
sions: zodiacal light (ZL) and integrated starlight
(ISL). In the DGL measurement, interstellar far-
IR 100µm emission is suggested as an appropri-
ate tracer of the DGL (e.g., Brandt & Draine
2012). At optical wavelengths, Witt et al. (2008),
Matsuoka et al. (2011), and Brandt & Draine
(2012) have reported a linear correlation between
the DGL and 100µm emission at high Galactic lat-
itude regions. In contrast, the near-IR DGL mea-
surement has been difficult because of its faintness
along with the ZL and ISL contamination (Arendt
et al. 1998; Matsumoto et al. 2015). Recently,
Tsumura et al. (2013) and Arai et al. (2015)
found the near-IR DGL component in the anal-
ysis of the data obtained from AKARI and Cos-
mic Infrared Background Experiment (CIBER),
respectively, though the analyzed regions are lim-
ited in the sky. Sano et al. (2015, hereafter Paper
I) succeeded in detecting the DGL component at
1.25 and 2.2µm at general high Galactic latitudes,
reanalyzing all-sky maps obtained from Diffuse
Infrared Background Experiment (DIRBE) with
more precise ISL evaluation by Two Micron All-
Sky Survey (2MASS) point source catalog (Cutri
et al. 2003; Skrutskie et al. 2006). In addi-
tion, Sano et al. (2016, hereafter Paper II) reana-
lyzed the DIRBE data at 3.5 and 4.9µm with the
Wide-field Infrared Survey Explorer (WISE) cata-
log (Wright et al. 2010) for the ISL evaluation and
found the DGL component at high Galactic lati-
tudes. Compared with a model of scattered light
(Brandt & Draine 2012) and dust emission (Draine
& Li 2007), Paper II indicates that the scattered
light dominates the DGL at shorter near-IR wave-
lengths (λ . 2µm).
In Paper I and II, we derived the intensity ra-
tios of near-IR DGL to 100µm emission from the
entire data at high Galactic latitudes (|b| > 35◦),
assuming the ratios are invariant throughout the
sky. However, as described in subsection 3.1 of this
paper, the ratios are expected to increase toward
low latitudes if the interstellar dust grains have
the forward scattering characteristic (Jura 1979).
If such Galactic latitude dependence is found ob-
servationally, the scattering asymmetry factor can
be derived in comparison with a scattered light
model. Thanks to its all-sky coverage with high
sensitivity for the diffuse radiation, we expect that
only the DIRBE data enable us to find the latitude
dependence determined by the asymmetry factor
of the grains. Using the DIRBE data, we find that
the ratios increase toward low latitudes at 1.25
and 2.2µm and that the latitude dependence is re-
produced by a scattered light model with a large
asymmetry factor of 0.8+0.2
−0.3 in these bands. This
value is several times larger than that expected
from a recent dust model, indicating the strong
forward scattering. However, the large asymme-
try factor is in conflict with various observations
of interstellar dust. If additional near-IR emission
from UV-excited dust exists in the diffuse inter-
stellar medium, the large asymmetry factor may
become smaller since such an emission component
is also expected to contribute to the derived lat-
itude dependence. The near-IR DGL results ob-
tained in Paper I and II are supplemented by the
present study.
The remainder of this paper is as follows. In
Section 2, we briefly describe the analysis con-
ducted in this study and present the obtained re-
sults. In Section 3, we derive the scattering asym-
metry factor assuming a simple scattered light
model. We also compare the derived asymmetry
factor with previous studies in the optical and a
prediction from a recent dust model. Summary
appears in Section 4.
2. ANALYSIS AND RESULT
To derive the intensity ratios of near-IR DGL
to 100µm emission, we conduct the analysis that
decompose the DIRBE sky brightness into the ZL,
DGL, ISL, and residual emission in the same way
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Table 1: Fitting results at different Galactic latitude regions in each band
Band (µm) Region (deg) Number of pixels νibi (nWm
−2sr−1/MJy sr−1) ci (Dimensionless) νidi (nWm
−2sr−1)
1.25 |b| > 35 116578 4.72± 0.02 1.0236± 0.0003 60.66± 0.08
1.25 25 < |b| < 30 15683 6.64± 0.03 1.0582± 0.0008 59.89± 0.26
1.25 30 < |b| < 35 17108 6.08± 0.03 1.0356± 0.0008 63.77± 0.22
1.25 35 < |b| < 40 17215 4.33± 0.03 1.0192± 0.0008 67.06± 0.20
1.25 40 < |b| < 45 17136 3.98± 0.04 1.0086± 0.0009 66.60± 0.18
1.25 45 < |b| < 90 82227 3.26± 0.03 1.0063± 0.0004 62.57± 0.06
2.2 |b| > 35 119394 1.46± 0.01 1.0330± 0.0004 27.69± 0.04
2.2 25 < |b| < 30 15772 1.80± 0.02 1.0725± 0.0010 29.88± 0.12
2.2 30 < |b| < 35 17278 1.62± 0.02 1.0444± 0.0010 30.53± 0.10
2.2 35 < |b| < 40 17167 1.14± 0.02 1.0315± 0.0010 30.44± 0.10
2.2 40 < |b| < 45 17303 1.01± 0.02 1.0204± 0.0011 30.17± 0.09
2.2 45 < |b| < 90 84924 1.06± 0.02 1.0190± 0.0005 28.11± 0.03
3.5 |b| > 35 103709 1.20± 0.01 0.8992± 0.0010 8.92± 0.04
3.5 25 < |b| < 30 12541 1.22± 0.02 0.9406± 0.0023 9.56± 0.09
3.5 30 < |b| < 35 14279 1.15± 0.02 0.9116± 0.0023 10.28± 0.08
3.5 35 < |b| < 40 13965 0.94± 0.02 0.8751± 0.0026 11.04± 0.08
3.5 40 < |b| < 45 13093 0.97± 0.02 0.8690± 0.0029 10.58± 0.07
3.5 45 < |b| < 90 75366 1.06± 0.01 0.8672± 0.0013 9.33± 0.03
Note. — The parameters bi, ci, and di are defined in Equation (2). These results are derived with the ZL
coefficient ai fixed to the value determined in the |b| > 35
◦ region, i.e., 1.0079± 0.0001, 1.0447± 0.0002, and
1.1531± 0.0003 at 1.25, 2.2, and 3.5µm, respectively. Error associated with each parameter represents the
statistical uncertainty determined by the fitting.
as in Paper I and II. We briefly describe an outline
of the analysis.
For the DIRBE data, we use the solar elonga-
tion (ǫ) = 90◦ maps in which the value at each
pixel is interpolated to represent the sky bright-
ness when ǫ is close to 90◦ (COBE/DIRBE ex-
planatory supplement 1998). The DIRBE prod-
ucts are available at the website,
“lambda.gsfc.nasa.gov/product/cobe/”. Owing to
the difficulty in evaluating the ZL component at
4.9µm (Paper II), we analyze the other three near-
IR DIRBE bands, i.e., 1.25, 2.2, and 3.5µm.
If we define Ii(Model) as a brightness model
for the DIRBE intensity Ii(Obs) in the i band
(i = 1.25, 2.2, or 3.5µm), we describe Ii(Model)
as a linear combination of the intensity of the
ZL, DGL, ISL, and residual emission, denoted as
Ii(ZL), Ii(DGL), Ii(ISL), and Ii(Resid) in units
of MJy sr−1, respectively:
Ii(Model) = Ii(ZL) + Ii(DGL) + Ii(ISL) + Ii(Resid)
(1)
= ai Ii(Kel) + bi(ISFD − 0.78MJy sr
−1) + ciIi(DISL) + di ,
(2)
where Ii(Kel), ISFD, and Ii(DISL) represent the
intensity of the DIRBE ZL model (Kelsall et al.
1998), diffuse 100µm emission (Schlegel et al.
1998), and the 2MASS or WISE-derived ISL map,
respectively. 1 The value 0.78MJy sr−1 corre-
sponds to the EBL intensity at 100µm (Lagache et
al. 2000). After excluding regions around bright
sources, we determine the parameters ai, bi, ci,
and di by a χ
2 minimum analysis between Ii(Obs)
and Ii(Model).
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In the present analysis, the parameter ai is fixed
to the all-sky value (|b| > 35◦) in each band to
reduce the deviation caused by the brightest ZL
component. We then conduct the χ2 minimum
analysis in five different Galactic latitude regions,
i.e., 25◦ < |b| < 30◦, 30◦ < |b| < 35◦, 35◦ <
|b| < 40◦, 40◦ < |b| < 45◦, and 45◦ < |b| < 90◦.
Due to the faintness of the DGL component in the
high Galactic latitudes, we analyze the wider field
(45◦ < |b| < 90◦) there. The parameters bi, ci, and
1The ISL maps created in Paper I and II are available in the
electronic edition of the Astrophysical Journal.
2The term Ii(DGL) is defined in different way between Pa-
per I and II. Because the present analysis adopts the def-
inition in Paper II, the fitting results at 1.25 and 2.2µm
slightly differ from those presented in Paper I.
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di determined in each region are listed in Table 1.
At 1.25 and 2.2µm, we find that the intensity ra-
tios of near-IR DGL to 100µm emission, νibi =
[3000/λi(µm)]bi (nWm
−2sr−1/MJy sr−1) increase
toward low Galactic latitudes. In the optical wave-
length, such trend may be seen in compilation of
several results obtained in different fields of the
sky (see Figure 10 of Ienaka et al. 2013). Sim-
ilar to the parameter νibi, the ISL coefficient ci
increases toward the low Galactic latitudes. As
discussed in Paper I and II, this phenomenon may
be caused if faint stars not on the catalog increase
toward low Galactic latitudes due to the mask by
bright sources and/or the spatial distribution of
the intensity of bright and faint stars changes in
different regions.
In each band, the parameters νibi and ci at
|b| > 35◦ are not the intermediate value of those
at 35◦ < |b| < 40◦, 40◦ < |b| < 45◦, and
45◦ < |b| < 90◦, but larger than those results (Ta-
ble 1). Because the DGL and ISL intensity is nat-
urally expected to change as a function of Galactic
latitude, the parameters νibi and ci might be bi-
ased to larger values when analyzing a field of the
wide range in Galactic latitude, e.g., |b| > 35◦.
This effect may cause the residual emission νidi
at |b| > 35◦ smaller than those obtained in the
divided regions. However, these differences do not
change the conclusion in Paper I and II because
the parameter variation among each divided re-
gion is within the total uncertainty of the results
in the two papers. The discussion on the derived
isotropic residual emission νidi including the near-
IR EBL is described in Paper I and II.
3. DISCUSSION
We discuss the derived Galactic latitude depen-
dence of the intensity ratios of DGL to 100µm
emission in comparison with a scattered light
model in the Milky Way. In Figure 1, we plot the
derived parameters νibi in each band as a func-
tion of Galactic latitude. Here, vertical error bar
associated with each value denotes the standard
deviation of the parameters νibi determined at
six longitude-divided regions in each latitude, i.e.,
0◦ < l < 60◦, 60◦ < l < 120◦, 120◦ < l < 180◦,
180◦ < l < 240◦, 240◦ < l < 300◦, and
300◦ < l < 360◦. This uncertainty estimation
taking into account the regional variation of the
parameter is identical to that adopted in the anal-
ysis of all-sky |b| > 35◦ region (Paper I and II).
3.1. Derivation of the Scattering Asymme-
try Factor
Adopting the Henyey & Greenstein (1941)
phase function for interstellar scattering, Jura
(1979) numerically calculated the scattered light
intensity Isca toward the region of optical depth
τ and Galactic latitude |b|, illuminated by an in-
finite homogeneous disk. Bernstein et al. (2002)
practically rewrote the intensity Isca as
Isca = IISRFωτ
(
1− 1.1g
√
sin |b|
)
, (3)
where IISRF and ω denote the ISRF intensity in
the solar neighborhood (e.g., Mathis et al. 1983)
and grain albedo, respectively. The scattering
asymmetry factor g is defined as g ≡ 〈cos θ〉 where
θ denotes the scattering angle from the forward
direction, indicating g = 0 for the fairly isotropic
scattering and g = 1 for the completely forward
scattering. In Equation (3), the parameters ω and
g are assumed as constant throughout the sky.
As a solution of simple radiative transfer of
starlight and scattered light through a dusty slab
(see Appendix of Ienaka et al. 2013), the intensity
of far-IR emission IFIR is expressed as
IFIR ∝ IISRF
[
1− exp{−(1− ω)τ}
]
. (4)
As shown in Figure 11 of Brandt & Draine (2012),
the optical depth in the V band is less than ∼ 0.2
in most of the high Galactic latitudes |b| & 20◦,
assuming RV = 3.1 Milky Way dust. In the near-
IR high latitude region of our interest, IFIR can be
approximated as
IFIR ∝ IISRF(1− ω)τ. (5)
From Equation (3) and (5), the intensity ratio of
the scattered light to far-IR emission is modeled
as
Isca/IFIR ∝
ω
1− ω
(
1− 1.1g
√
sin |b|
)
. (6)
According to this formula, in case of fairly
isotropic scattering (g = 0) the intensity ratio
Isca/IFIR is insensitive to Galactic latitude. Con-
versely, the value Isca/IFIR increases toward low
latitudes in case of forward scattering (0 < g ≤ 1).
4
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(c) 3.5 µm
A = 1.4 ± 1.4 nW m-2 sr-1/ MJy sr-1
g = 0.3 ± 0.9
Fig. 1.— Intensity ratios of the DGL to 100µm emission νibi = [3000/λi(µm)]bi (nWm
−2sr−1/MJy sr−1)
as a function of Galactic latitude |b|. Panels (a), (b), and (c) represent the results at 1.25, 2.2, and 3.5µm,
respectively. Filled circle indicates the value νibi determined at each field with horizontal error bar denoting
the Galactic latitude range of the analyzed field and vertical error bar the standard deviation of the parameter
νibi obtained in six longitude-divided regions in each latitude. In each panel, red curve represents the
modeled intensity ratio of the scattered light (Jura 1979) to far-IR emission (Ienaka et al. 2013) in a form
of A
(
1− 1.1g
√
sin |b|
)
, fitted to the derived values νibi. The determined values A and g are also described
in each panel.
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To determine the scattering asymmetry factor
g in each band, the values νibi obtained at the five
different Galactic latitude regions (Figure 1) are
fitted to the following function:
νibi = A
(
1− 1.1g
√
sin |b|
)
, (7)
where A and g are the free parameters. The re-
sult is indicated by red curve in each panel of Fig-
ure 1. The derived value of g = 0.8+0.2
−0.3 at 1.25
and 2.2µm indicates the strong forward scattering
characteristic of the dust grains. In contrast, the
g-value is not significantly determined at 3.5µm
with the large uncertainty. This can be reasonably
explained by the situation that the thermal emis-
sion component in the DGL is comparable to or
larger than the scattered light at 3.5µm. In fact,
this situation is indicated in Figure 5 of Paper II,
in which the DGL result at 3.5µm is compared
with the model of the scattered light (Brandt &
Draine 2012) and thermal emission (Draine & Li
2007).
3.2. Interpretation of the Derived Galac-
tic Latitude Dependence
In Figure 2, we compare the derived asym-
metry factor g with the optical results toward
some clouds (Mattila 1970; Witt et al. 1990) or
a general interstellar field (Lillie & Witt 1976).
Black solid line indicates the prediction from a
recent dust model composed of carbonaceous, sili-
cate, and polycyclic aromatic hydrocarbon (PAH)
grains (Weingartner & Draine 2001, hereafter
WD01) with RV = 3.1 Milky Way dust (Draine
2003). The WD01 model reportedly reproduces
the observed interstellar extinction curve from UV
to near-IR (Fitzpatrick 1999; Draine 2001). The
optical results prefer the strong forward scattering
with g & 0.6, comparable to the present near-IR
values. In the near-IR, the present results can
be several times larger than the WD01 predic-
tion. Simply, the discrepancy can be explained
if the larger dust grains are more dominant com-
pared to the WD01 model. The WD01 value de-
creases toward the longer wavelengths because the
isotropic scattering by the Rayleigh scattering be-
comes more dominant. In the WD01 model, typ-
ical grain size is ∼ 0.12µm (Draine 2001), which
is much smaller than the near-IR wavelengths. To
explain the derived large g-value, a lot of large
grains may be required to cancel out the isotropic
scattering by the smaller grains. However, the
existence of a lot of large grains is expected to
conflict with various observed properties of in-
terstellar dust, such as interstellar depletion and
wavelength dependence of interstellar extinction
and polarization. This may indicate that the ac-
tual near-IR g-value is smaller than that obtained
in the present study.
When interstellar dust grains are exposed to
UV photons, continuous near-IR emission is cre-
ated as a result of the stochastic heating of
the small grains and/or fluorescence by large
molecules such as PAH. In fact, the UV-excited
dust emission component has been observed in re-
flection nebulae at 1.25–2.2µm wavelengths (Sell-
gren et al. 1992; Sellgren et al. 1996). If such
an emission component also exists in the general
diffuse interstellar medium, the UV-excited dust
emission is expected to be higher toward the low
Galactic latitudes because from the Galaxy Evolu-
tion Explorer (GALEX) data, near-UV to far-UV
ratio in the low Galactic latitudes is reported to
be smaller than that in the high latitudes by more
than a factor of two (Figure 10 of Murthy 2014).
The possible Galactic latitude dependence of the
UV-excited dust emission would also contribute to
the derived latitude dependence and may reduce
the very large asymmetry factor g to the reason-
able value. In this sense, the derived latitude
dependence in the present study may indicate the
first detection of UV-excited dust emission in the
diffuse interstellar medium at 1.25 and 2.2µm.
Similarly, to explain very high albedo derived in
the galaxy NGC 4826 in the K ′-band, Witt et
al. (1994) suggested the contribution from the
near-IR dust emission in addition to the scattered
light. To determine the relative contribution of
the scattered light and UV-excited dust emission
from the derived latitude dependence, detailed
radiative transfer analysis will be needed.
The dust temperature could influence the ra-
tio Isca/IFIR. In some dark clouds, emissivity of
the far-IR emission has been reported to decrease
as the temperature increases (e.g., Lehtinen et al.
2007). However, the temperature is nearly invari-
ant (∼ 18K) throughout the general high Galac-
tic latitude region of our interest (Schlegel et al.
1998). This indicates that the dust temperature
does not contribute to the obtained Galactic lati-
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Fig. 2.— Optical to near-IR scattering asymmetry factor g ≡ 〈cos θ〉. The present results at 1.25 and 2.2µm
are indicated by filled red circles. The triangle, diamonds, and squares denote the results derived from Lillie
& Witt (1976), Witt et al. (1990), and Mattila et al. (1970), respectively. Solid curve represents the value
expected from the WD01 model with RV = 3.1 Milky Way dust (Draine 2003).
tude dependence of Isca/IFIR.
According to Formula (6), if the grain albedo
increases toward low Galactic latitudes, smaller g-
value may be enough to explain the derived lat-
itude dependence. Notably, the modeled inten-
sity ratio Isca/IFIR is relatively sensitive to the
albedo. Lehtinen & Mattila (1996) derived the
near-IR grain albedo of 0.57 < ω < 0.80 and
0.46 < ω < 0.76 at J and K band, respectively.
For example, if the albedo is changed from 0.5
to 0.7 in Formula (6), the intensity ratio is ap-
proximately doubled. However, such variation in
the albedo is probably unrealistic because the ana-
lyzed region is limited to the general high Galactic
latitudes (|b| & 20◦) in the present study. In addi-
tion, even if the weak dependence on the Galactic
latitude at 3.5µm (panel (c) of Figure 1) is entirely
caused by the latitude dependence of the albedo,
such small variation does not create the stronger
latitude dependence at 1.25 and 2.2µm (panels (a)
and (b) of Figure 1).
In the scattered light model (Equation (3)),
Jura (1979) adopted the simplest Milky Way
model in which the dust grains are illuminated
by the infinite homogeneous disk. In reality, the
disk is not infinite and illuminating sources are
also located at high Galactic latitudes. However,
if we adopt such realistic Milky Way model, the
g-value should be larger than the present val-
ues to explain the derived latitude dependence at
1.25 and 2.2µm (Figure 1). This means that the
derived asymmetry factor assuming the simplest
scattered light model (Jura 1979) is probably close
to its lower limit. As discussed above, the latitude
dependence of additional UV-excited dust emis-
sion may be required to reduce the derived large
g-value.
4. SUMMARY
Reanalyzing the DIRBE data in the near-IR
bands, we first find that the intensity ratios of
DGL to 100µm emission increase toward low
Galactic latitudes at 1.25 and 2.2µm. This trend
is naturally expected from the simple scattered
light model taking into account the forward scat-
tering property of the grains, characterized by
the scattering asymmetry factor g. By the fitting
to the derived Galactic latitude dependence, we
derive the large asymmetry factor of 0.8+0.2
−0.3 at
1.25 and 2.2µm. The derived asymmetry factor
7
is comparable to those obtained in the optical,
but several times larger than that expected from
a recent dust model. Because the possible Galac-
tic latitude dependence of near-IR emission from
UV-excited dust would reduce the derived large
asymmetry factor, the latitude dependence ob-
tained in the present study may indicate the first
detection of the additional emission component in
the diffuse interstellar medium.
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